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light of the comparisons with flight data, a re-assessment of our ability to predict stagnation point 
aeroheating must be made. 
 
 
 
Figure 21 MISP thermocouple data obtained during MSL entry compared with nominal (unmargined) 
model predictions. TC1, TC2, TC3, and TC4 represent thermocouples at nominal depths shown in Fig. 
3(a). 
 
2. Apex Region (MISP5 &7) 
 
The laminar heating is the highest in the apex region (see Fig. 8) where the flow turns around a relatively 
low radius of curvature surface. On MISP5 & 7, similar to the stagnation region, the peak temperatures are 
under predicted by the models. Some of causes of this discrepancy could be similar to those discussed for 
stagnation region heating under prediction. At MISP5 the peak predicted temperature is lower by about 
~100 C for the top thermocouple, whereas at MISP7 the under prediction is exacerbated by the prediction 
of a late boundary layer transition as discussed before. The peak temperature at this MISP location is higher 
by about ~210 C than model predictions. Surprisingly, the highest MISP temperature measured is at MISP7 
which has neither the highest laminar nor the higher turbulent heating, although, the vicinity of MISP7 has 
a large variation of heat flux due to changing radius of the curvature of the surface. An evaluation of 
heating profiles near the apex region will be made to address this discrepancy. 
 
3. Leeside Region (MISP2,3 &7) 
 
The leeside of the vehicle forebody clearly experienced turbulent heating.  Initial comparisons of the 
temperature data shows that, unlike other regions of the heatshield, the predicted peak temperatures are 
much higher than measurement. In fact, the top thermocouple temperature in model prediction rises until 
the surface recession front reaches the thermocouple depth, which is nominally 2.54 mm. In flight, 
however, the recession front does not reach the top thermocouple. Recession and the proximity of the top 
thermocouple to the ablator surface are critical factors that need to be assessed before reasonable 
Do
wn
loa
de
d b
y G
eo
rgi
a T
ec
h L
ibr
ary
 on
 Ja
nu
ary
 10
, 2
01
3 |
 ht
tp:
//a
rc.
aia
a.o
rg 
| D
OI
: 1
0.2
51
4/6
.20
13
-90
8 
MSL5predic1ons
• MSL$TPS$was$a$success:$performed$remarkably$well$
• The$heat$shield$was$instrumented$for$TPS$performance$
• Predictions$do$not$match$arc5jet$test$(under5prediction)$
• Predictions$do$not$match$flight$data$(over5prediction)
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predictions of the top thermocouple temperatures are made. Due to a high temperature gradient between the 
top thermocouple and the surface, the distance between the two is a critical factor. The sensitivity of 
temperature predictions on surface recession is considered in the next section. The other reasons for higher 
predicted t mperatu es could be due to early onset of turbulence in the leeside region nd a possible 
d fici ncy of the turbul nce model used. All of above factors will be investigated later via sensitivity 
analyses. 
 
 
Figure 22 ISP ther ocouple data obtained during MSL entry compared with model predictions when 
surface recession is turned off.  TC1, TC2, TC3, and TC4 represent thermocouples at nominal depths 
shown in Fig. 3(a). 
 
E. Recession Sensitivity 
 
Although the top thermocouple is installed nominally at 2.54 mm (0.1 in) from the surface, recession 
during entry reduces this distance. This is a critical region through the ablator thickness as the temperature 
gradient in the top layer of the ablator can be as high as 300 C/mm during peak heating as shown in Fig. 9. 
The temperature at the top thermocouple is therefore expected to be sensitive to the instantaneous depth of 
the thermocouple (i.e. recession). It is also known via comparisons with arc jet tests that at low heat flux 
conditions (< 100 W/cm2), the TPS response models generally over predict surface recession [30]. This 
over prediction occurs due to the assumption of thermochemical equilibrium at the surface between 
boundary layer edge species, the char surface, and the pyrolysis gases. The prediction of atomic oxygen 
concentration under nonequilibrium conditions at the surface is cited as one of the causes of over prediction 
of surface recession [30]. The MISP flight data also confirms the over prediction of recession by the 
models. The survival of all top thermocouples during the entire heat pulse indicates that total surface 
recession less than 2.54 mm (0.1 in), whereas the models predict a recession as large as 4.1 mm [see Fig. 9 
(b)]. 
 
In this preliminary assessment we re-ran model predictions with no recession to quantify the bounds of 
variability in temperature predictions. Figure 22 shows the comparisons when surface recession is turned 
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Charring5ablators
• Charring$ablators$are$made$by$impregna)on$of$phenolic$resin$on$preform$matrix$
• The$material$has$two$“phase”,$consis)ng$of$a$network$of$carbon$fibers$and$a$very$porous$
phenolic$matrix$dispersed$on$and$in$between$the$fibers$
• The$highly$porous$structure$makes$it$a$low5density$material$(ablator)
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Development of a 3-D Thermal Elasticity Solver in Simulation of Re-entry Ablation
39th Dayton-Cincinnati Aerospace Sciences Symposium
Phenolic Impregnated Carbon Ablator (PICA)
Micrographs of PICA at differenct magnifications. (Parul Agrawal,2013)
PICA is made by impregnation of phenolic resin within the FiberForm preform, 
It could be viewed as a two-phase material consisting of a network of carbon fibers and a very porous 
phenolic matrix dispersed on and in between the fibers. 
highly porous structure makes it  low-density ablator. 
Micrographs of PICA at different magnifications. (Agrawal et al., 2013)
(1) Agrawal, P., Chavez-Garcia, J. F., and Pham, J., “Fracture in Phenolic Impregnated Carbon Ablator,” Journal of Spacecraft and Rockets, Vol. 50, No. 4, July-August 2013.
• At$first,$when$the$material$is$subjected$to$heat,$the$phenolic$pyrolyzes,$while$the$
carbon$fibers$stay$(essen)ally)$intact$
• A`er$a$while,$the$surface$starts$to$recess,$as$the$matrix$ablates$
• The$charring$phenomenon$enhanced$the$effec)veness$of$the$TPS$in$two 
dis)nct$ways:$
• Mi1gates5the5problem,$by 
absorbing$the$heat$inside$the$TPS$ 
(endothermic$pyrolysis$reac)ons, 
$char$cooling)$
• Circumvents5the5problem,$by$ 
aaenua)ng$the$heat$flux$before$it$ 
reaches$the$TPS$(blowing 
gas$in$the$outer$flow,$transport 
property$in$the$boundary$layer)
Charring5ablators
Typical charring ablator consists of filler and binder materials. The binder serves
as a preform which provides the structure support; the filler material, which nearly
fills the rest of the spaces, absorbs heat through decomposition. The binder material
in PICA for instance, is made of carbon fibers, and it is filled with phenolic resin. As
the ablator heats up during entry/reentry, the resin decomposes, generating pyrolysis
gas and leaving voids. The carbon binder, on the other hand, barely reacts, though
it might be eroded and/or oxidized.
Figure 1.3: Illustration of a charring ablator [5].
Fig. 1.3 from Ref. [5] illustrated the charring ablation phenomena. The ablator
begins with fully virgin composite, indicated as the blue region. As the heat con-
ducts to the in-depth of material, the temperature rises. When the temperature goes
beyond a certain level, the composite near the ablating surface first decomposes and
generates pyrolysis gases. As the heat further penetrates into the material, the layer
of decomposition grows thicker and is marked with yellow in Fig. 1.3. When the resin
is depleted, the ablator becomes “charred”, which is indicated by the gray color. As
long as the heat persists, the decomposition zone will continuously move in-depth,
turning virgin material into char. The char zone mainly consists of the binder ma-
terial, which can be oxidized and eroded in a small region near the ablating surface,
4
Source:  Amar, et al, , 2006
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(1) Amar, A. J., Blackwell, B. F., and Edwards, J. R., “One-Dimensional Ablation Using a Full Newton’s Method and Finite Control Volume Procedure,” Journal of Thermophysics and 
Heat Transfer, Vol. 22, No. 1, January 2008, pp. 72–82.
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KATS
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KATS5Modeling5Framework
!
!
• General!
• written in C++!
• reads  3D Unstructured grid in CGNS format!
• Parallelization!
• ParMETIS for domain decomposition!
• MPI for inter-processors communications!
• PETSC Krylov subspace method as linear 
solver for iteration!• Spatial discretization!
• Cell-centered finite volume method!
• Second-order central differencing !
• Time integration!
• Fully implicit!
• First-order backward Euler time integration!
• Inviscid fluxes scheme!
• Steger–Warming flux-vector splitting,  AUSM+up, Roe, etc.!
• Numerical flux Jacobian and analytical source Jacobian!
!
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Governing5Equa1on
3D Conservation equations
Weak form after integrating over a finite volume 
Implicit backward Euler time integration; Primitive variables is introduced
Apply Gauss theorem
Update of primitive variables comes from
9
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Fluid5Governing5Equa1on5(low5speed)
10
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Energy flux
Momentum fluxes
Mass flux
Diffusive fluxesConvective fluxes
Material5Response5Governing5Equa1on
11
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Energy flux
Momentum fluxes
Mass flux
Diffusive fluxesConvective fluxes
Material5Response5Governing5Equa1on
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• Porous medium flow model!
• Gas momentum is solved as distinct momentum equations!
• Diffusive effect of porous media is treated as source term,                    !
                   and !
!
!
!
• If transverse isotropy is assumed
• Similarly, if the material is transverse isotropic 
• Conductive heat transfer model!
Coupling5strategy
• Uncoupling  method
•Two meshes carefully aligned at the 
interface!
!
!
!
!
!
•Resulting interface values are taken 
as boundary conditions for both 
solver!
Fluid Porous Media
Interface
Cell center
Flow direction
13
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TestGcase:5Flow5tube5experiment
• Flow$in$a$tube,$then$in$a$
porous$sample$
• Laminar$flow$(Re$=$2.3)$
• “Free”$flow$using$KATS5CFD,$
porous$media$using$KATS5MR$
• Both$code$integrated$using$
flux$coupling
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nonnegligible volume loss could be calculated by integrating the
oxidized surface profiles. To further assess this, it is worth first
analyzing the competition between oxidation reactions and diffu-
sional transport at the flow-tube conditions. The dimensionless
parameter that is used to characterize such effects for porous
materials is the Thiele number, defined as
Φ ! L"Deff∕#sfkf$%1∕2
(1)
where L is a characteristic length of the model, Deff is the effective
diffusion coefficient, sf is the specific surface of the porous medium,
and kf is the fiber reactivity. At high Thiele numbers, ablation is
mostly a surface phenomenon because it is limited by a slow diffu-
sional transport. Conversely, when diffusion is high enough to feed
a large flux of reactants for chemical reactions and the reactivity is
relatively slow, then the depths of the ablation zone become larger
(typically larger than the fiber scale) and volumetric ablation is
promoted.
In this paper, the sample wall thickness w is used as reference
length (L ! w ! 3 mm). The effective diffusion coefficientDeff for
an isotropic porous medium, is given by Deff ! εDref∕η where ε is
the porosity, η is the tortuosity, and Dref is the reference diffusivity.
The porosity of Fiberform is estimated to be 0.9 by means of
microtomography measurements [22]. To calculate the reference
diffusivity, one should account for the orthotropy of the material:
during the manufacturing process of Fiberform, the fibers tend to
align parallel to the direction of the pressing plane [23], yielding
different Dref in the planar and transverse directions. A rigorous
method consists of computing x, y, and z directional diffusivities
using random walk direct numerical simulations [9]. Because the
idea is to only obtain an order of magnitude estimation of Φ, these
differences are neglected and Bosanquet’s relation [24] is used to
express the reference diffusivity as
D−1ref ! D−1b &D−1K ! #1∕3 !v !λ$−1 & #1∕3 !vdp$−1 (2)
whereDb andDK are the bulk and Knudsen diffusivity, respectively.
The mean free path (in meters) is calculated [25] as !λ ! 9.5×
10−8 · 105T · #298p$−1, the mean pore diameter for Fiberform is
50 μm [9], and the mean molecular velocity is estimated by kinetic
theory as !v ! !!!!!!!!!!!!!!!!!!!!!!!!8kBT∕#πm$p . The tortuosity η depends on the
Knudsen number and on the orientation as well. Data can be found in
[9], calculated for a random fibrous medium. For the present
calculations of Dref , an averaged value of the x, y, and z tortuosities
is used.
The specific surface area sf, in the approximation of the fibers as
cylinders that reduce in diameter from df;0 to df, can be written as
sf ! 4εf;0
df
d2f;0
(3)
where εf;0 is the initial fiber volume fraction. Average measurements
from the SEM micrographs of virgin and oxidized carbon fibers
allows us to reasonably assume df;0 ≈ 11 μm and df ≈ 5 μm.
To complete the calculation of the Thiele number, kf is needed.
The underlying objective behind the experiment presented in this
paper is to provide a set of data to extract the fiber reactivity by
calibration of a numerical model to thematch themeasured oxidation
profiles. A common approach proposed in the literature for reactivity
coefficients is to use anArrhenius formulation with activation energy
Ea, that reads
kf ! Ae−Ea∕#RT$ (4)
To estimate Φ, an activation energy of Ea ≈ 120 kJ · mol−1 and a
preexponential factor A ! 100 m · s−1 is used, as given in [9], based
on previous investigation of carbon fiber-basedmaterials [21,26–28].
The proposed activation energy is also in agreement with data from
Rosner and Allendorf on isotropic graphite [29,30]. It is acknowl-
edged here that any assumption on kf values is easily questionable.
Indeed, discrepancies up to several orders of magnitude can be found
among literature data. The reasons for these discrepancies are vari-
ous. For instance, there are several differences in the manufacturing
processes and thermal treatments of the materials and different
experimental conditions as atmospherics gases, reactants, pressures,
diffusion effects, and so forth. Therefore, dedicated measurements
should be carried out on the very material of interest at meaningful
test conditions for its application, any time kf is needed.
Thiele numbers for the flow-tube test conditions, shown in Fig. 13,
suggest that for experiments at the lowest temperature and pressure, a
reaction-limited regime prevails. This is in agreement with what is
observed in Δm∕m0 and ΔV∕V0 plots, where, at such condition,
mass is lost with minor volume change: diffusion is high enough
with respect to the reaction to provide in-depth oxidation and limited
recession. As pressure and temperature increase, the depth of the
Fig. 9 Upstream and downstream extension tubes. Impurities’ deposi-
tion is also visible on the walls of both tubes; the upstream deposition is
caused by diffusion of the outgassing ablation products.
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Fig. 10 Posttest microscopic analysis: a) SEM micrograph and b) EDX analysis of oxidation residues.
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Filled5cylinder5ablator
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Hollow5cylinder5ablator
helium flow (below 0.03 mg · s−1) while the furnace is heating up to
the target temperature condition. The supply of He ensured that no
oxidation reaction occurred during the transient heating phase. Once
the temperature is stabilized, the He flow is stopped, the chamber
is evacuated again down to 100 Pa, and dry air flow is started at the
desired rate. The test gas supply caused the pressure to rise to the
target value, where the regulation is taken over by the PID controller
by adjusting the suction rate of the mechanical pump downstream
from the samples. The transient phase to the target pressure is moni-
tored to have a duration of ≈1 min for the lowest pressure condition
(1.6 kPa) and ≈5 min for the highest value (60 kPa). Mass flow
and pressure are maintained constant throughout the test time. The
experiment ended with a final evacuation of the test section below
100 Pa and a restoring of the He flow, during the cooling phase of the
system.
The test conditions are detailed in Table 1. The experiments are
performed at temperatures from 700 to 1300 K, using steps of 100 K,
and pressures of 1.6, 10, and 60 kPa, maintained for a total of 1 h of
oxidation time during each run. Gas properties are calculated using
the Chemical Equilibrium with Applications code [16] from the
NASAGlenn Research Center. The Reynolds numberRe ! ρuD∕μ,
based on the 22 mm tube diameter, is below 3.7 at all test conditions,
clearly indicating a laminar flow. The calculatedRe confirms that the
flow is fully developed at the sample’s location. For a laminar flow
in a pipe of diameterD, the entrance length Le can be estimated from
the relation Le∕D ! 0.06Re. For the present setup Le 6 mm, well
below the 220 mm of the upstream extension tube.
The three pressure levels are selected to cover three different
transport conditions within the porous material, as shown in Fig. 4.
The plot, proposed in [9], presentsKnudsen number (mean free path !λ
to mean pore diameter dp ratio) regimes from continuum to rarefied,
calculated for a mean pore diameter of 50 μm for carbon preform.
Experiments at 1.6, 10, and 60 kPa cover continuum, slip, and
transition regimes, respectively, within the pores of the material. The
Stardust trajectory is shown as reference on the same graph to
highlight that the flow regime at the fiber scale is different than the
regime at the capsule scale (typically continuum during the portion of
reentrywhere ablation is relevant [17]). The characteristic scale of the
porous medium (the pore diameter) is much smaller than that of the
TPS body; hence, the dynamics of oxidant transport at microscale is
different from the incoming gas regime.
Different techniques are applied to analyze the carbon preform
prior to and post flow-tube oxidation. Mass measurements are
performed using an analytical balance (AB104S, Mettler-Toledo,
LLC, Columbus, Ohio) with"0.1 mg accuracy. A caliper is used to
document changes in length, inner diameter, and outer diameter with
"0.1 mm precision. The bulk density of the material is estimated as
the ratio between themassmeasuredwith the balance and the volume
calculated from caliper measurements. Initial densities of the speci-
mens are calculated between 165 and 185 kg · m−3, with an uncer-
tainty of "6 kg · m−3. Density changes for all specimens are
documented in Sec. III.
To determine the exact volume recession due to oxidation for each
sample, a suitable posttest method is implemented to cope with the
brittleness of the carbon preform specimens. The oxidized samples
are found to easily crumble into pieces in any attempt of manual
extraction from the glass holder. Therefore, the specimen/holder
assembly is impregnated in epoxy resin, by means of an encapsu-
lation chamber (Epovac, Struers A/S, Ballerup, Denmark) capable
of 100 mbar terminal vacuum. A resin/hardener mixture (CaldoFix,
StruersA/S, Ballerup,Denmark) is poured into a plasticmold hosting
the assembly and oven-cured for 2 h ≈ 343 K. The encapsulated
Fig. 2 Schematic of the NASA Ames Research Center flow-tube test setup.
l = 25.4 mm
d
o
 
=
 22 m
m
di
 
=
 16 m
m
a) b)
Fig. 3 Hollow cylinder carbon preform sample showing a) the specimen fit into the glass holder and b) sketch of the specimen geometry is detailed.
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• Side5wall$hea)ng$on$small$samples$
• Gas$transport$inside$the$material$
• Anisotropic$material$proper)es
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NASA’s MSL entry capsule
IsoGQ5geometrical5blowing5effects
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IsoGQ5geometrical5blowing5effects
• The$TACOT$(Theore)cal$Abla)ve$Composite$for$Open$Tes)ng)$is$used$—$similar$to$PICA$
• Only$charring$abla)on$is$modeled:$no$surface$recession$allowed$to$occur$
• Four$geometries$with$different$aspect$ra)o$H/R$are$chosen
20
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Geometries Heat flux
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Sample A Sample B 
Sample C Sample D 
IsoGQ5geometrical5blowing5effects
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2)5Cylinder5—5permeable5side5wall
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ered in this work, by replacing part of the charring material with impermeable
sample-holder. The modifications of the mesh are presented in Table 2 and
Fig. 4.
Table 2: Geometric specifications for Case 2.1 to 2.4
Sample-holder location
Case # Sample d, cm h, cm (x1, z1) to (x2, z2), cm
2.1 A- 2.5 6 (0.75,-6) to (1.25,-4)
2.2 B- 5 6 (1.5,-6) to (2.5,-4)
2.3 C- 10 6 (0,-6) to (3,-5.5)
2.4 D- 10 3 (0,-3) to (3,-2.5)
Figure 4: Sample geometry for sample A- to D-
The initial and boundary condition of the two sets are identical, and are100
adopted from the arc-jet experiments of Ref. [13]. These conditions are sum-
marized in Table 3. Note that, along the iso-Q sample surface, the pressure
Table 3: Initial and boundary conditions
Initial conditions Boundary conditions
p, atm T , K   p, atm qw(0), W/m2
0.65 298 0.8 0.65 106
11
Geometries
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IsoGQ5geometrical5blowing5effects(a) 5 sec (b) 10 sec (c) 20 sec (d) 30 sec
Figure 28: Gas streamlines for Case 2.1, at various time
Figure 29: Gas mass flow rate through the surface of iso-Q sample A-, at various time; symbols
are results of a 4 cm thick sample A
34
Figure 34: Ga mass flow rate through the surface of iso-Q sample B-, at various time: symbols
are results of a 4 cm thick sample B
40
Figure 39: Gas mass flow rate through the surface of iso-Q sample C-, at various time
etration and in-depth charring are blocked, as are seen in Figs. 40 and 41.
The pyrolysis gas moving patterns are somewhat similar to Case 1.4, as275
depicted in Figs. 42 and 43. A region with high |m˙| is observed at the lower right
of the sample D-, where streamlines all point toward outside of the material.
This indicates that a huge amount of gases flows through the bottom corner of
the testing sample. Figure 44 shows the same trend: the surface blowing rate
is huge at the bottom of the sample side-wall. In addition, Fig. 44 (Case 2.4) is280
very similar to Fig. 24 (Case 1.4), which suggests that the sample-holder does
not change the surface mass flow rate much.
5.3. Comparison of mass flow rate at the stagnation point
Table 4 shows the pyrolysis gas blowing rate at the stagnation point of the
iso-Q samples. For comparison, the table also displays the mass flow rate of a 1D285
model that uses the exact same condition. It is seen from the table that, when
1) the diameter of the sample is increased, or 2) the thickness of the sample is
decreased, the stagnation blowing rate is increased. Nevertheless, the blowing
rate is less than what is predicted by the 1D assumption.
45
Figure 44: Gas mass flow rate through the surface of iso-Q sample D-, at various time
Table 4: Gas mass flow rate through the stagnation point (arc length = 0 m)
Sample blowing rate m˙, kg/m2s
t, sec 1D A B C D
5 3.01E-02 4.64E-03 6.76E-03 9.65E-03 1.19E-02
10 2.33E-02 1.61E-03 2.25E-03 3.56E-03 4.66E-03
20 1.76E-02 4.99E-04 6.31E-04 9.52E-04 1.27E-03
30 1.49E-02 2.33E-04 6.46E-04 9.62E-04 1.79E-03
A- B- C- D-
5 4.37E-03 6.51E-03 9.78E-03 1.30E-02
10 1.60E-03 2.07E-03 3.73E-03 5.63E-03
20 4.30E-04 5.78E-04 1.07E-03 2.49E-03
30 1.05E-04 6.55E-04 1.08E-03 6.01E-03
48
Sample A-
Sample C- Sample D-
Sample B-
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Figure 44: Gas mass flow rate through the surface of iso-Q sample D-, at various time
Table 4: Gas mass flow rate through the stagnation point (arc length = 0 m)
Sample blowing rate m˙, kg/m2s
t, sec 1D A B C D
5 3.01E-02 4.64E-03 6.76E-03 9.65E-03 1.19E-02
10 2.33E-02 1.61E-03 2.25E-03 3.56E-03 4.66E-03
20 1.76E-02 4.99E-04 6.31E-04 9.52E-04 1.27E-03
30 1.49E-02 2.33E-04 6.46E-04 9.62E-04 1.79E-03
A- B- C- D-
5 4.37E-03 6.51E-03 9.78E-03 1.30E-02
10 1.60E-03 2.07E-03 3.73E-03 5.63E-03
20 4.30E-04 5.78E-04 1.07E-03 2.49E-03
30 1.05E-04 6.55E-04 1.08E-03 6.01E-03
48
Figure 44: Gas mass flow rate through the surface of iso-Q sample D-, at various time
Table 4: Gas mass flow rate through the stagnation point (arc length = 0 m)
Sample blowing rate m˙, kg/m2s
t, sec 1D A B C D
5 3.01E-02 4.64E-03 6.76E-03 9.65E-03 1.19E-02
10 2.33E-02 1.61E-03 2.25E-03 3.56E-03 4.66E-03
20 1.76E-02 4.99E-04 6.31E-04 9.52E-04 1.27E-03
30 1.49E-02 2.33E-04 6.46E-04 9.62E-04 1.79E-03
A- B- C- D-
4.37E-03 6.51E-03 9.78E-03 1.30E-02
10 1.60E-03 2.07E-03 3.73E-03 5.63E-03
0 4.30E-04 5.78E-04 1.07E-03 2.49E-03
30 1.05E-04 6.55E-04 1.08E-03 6.01E-03
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• Could$be$several$order$of$magnitude$of$difference$when$compared$
to$the$1D$model
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Stagnation point blowing rates for all samples
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• Side5wall$hea)ng$on$small$samples$
• Gas$transport$inside$the$material$
• Anisotropic$material$proper)es
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1D
NASA’s MSL entry capsule
Mul1Gscale5approach
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MicroGscale5approach
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The artificial 
material misses 
several features!
• Light$weight$charring$ablators$(such$as$PICA)$are$composed$of$a$fiber$matrix$impregnated$by$a$resin$
• Only$very$recently$has$the$capability$to$access$real$microstructure$become$possible$both$experimentally$and$
computationally$
• To$understand$the$behavior$of$the$material$at$the$macro5scale,$the$micro5scale$effects$are$taken$into$account
Reconstruc1on5of5porous5carbon5materials
31
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• Fiber-scale features are accurately resolved 
• Orthotropic geometry and thermophysical properties are confirmed for preform composites 
• Analysis of the tomographs allows accurate computations of important properties for 
material response modeling (tortuosity, permeability, porosity) etc.
Micro-CT image 3D numerical volumetric 
rendering
Accurate surface 
rendering Surface mesh
MicroGCT5rendering5of5preform5materials
Reconstruc1on5of5porous5carbon5materials
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Spalla1on
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Spalla1on
• Mechanical$erosion$of$the$material$$
• Accelerates$material$failure$
• Undesirable$because$hard$to$predict$(and$model...)$
• Can$be$caused$by$
• Fracture$from$high$pyrolysis$gas$pressure$$
• Soot$forma)on$(coking)$
• Volumetric$fiber$erosion  
and$detachment$
• Fracture$from$high  
thermal$stress$
• Shear$stress$on$fibers
34
6th$Abla)on$Workshop,$April$10511$2014,$Champaign$IL
Agrawal et al., 2013
Development of a 3-D Thermal Elasticity Solver in Simulation of Re-entry Ablation
39th Dayton-Cincinnati Aerospace Sciences Symposium
Thermal Failure
Most specimens failed between 600 and 
900 kPa. The charred PICA samples made 
from arc-jet articles showed similar 
behavior and tensile strength as the 
furnace char. 
(Parul Agrawal,2013)
ThermoGMechanical5Response
• Most$specimens$failed$between$600$and$900$kPa$
• The$charred$PICA$samples$made$from$arc5jet$ar)cles$showed$similar$behavior$
and$tensile$strength$as$the$furnace$char
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Development of a 3-D Thermal Elasticity Solver in Simulation of Re-entry Ablation
39th Dayton-Cincinnati Aerospace Sciences Symposium
Results: Thermal Stress (t = 10 s)
(c) Thermal Stress Filed t =10s
• 10$sec$of$constant$heat$flux$
• High$stress$region$does$not$
correspond$to$high$temperature$
region$
• When$combine$with$volumetric$
fiber$ablation,$could$results$in$
mechanical$erosion
Development of a 3-D Thermal Elasticity Solver in Simulation of Re-entry Ablation
39th Dayton-Cincinnati Aerospace Sciences Symposium
Results:  (t = 10 s)
(a) Density Field t =10s (b) Temperature Field t =10s
Development of a 3-D Thermal Elasticity Solver in Simulation of Re-entry Ablation
39th Dayton-Cincinnati Aerospace Sciences Symposium
Thermal Failure
Most specimens failed between 600 and 
900 kPa. The charred PICA samples made 
from arc-jet articles showed similar 
behavior and tensile strength as the 
furnace char. 
(Parul Agrawal,2013)
Development of a 3-D Thermal Elasticity Solver in Simulation of Re-entry Ablation
39th Dayton-Cincinnati Aerospace Sciences Symposium
Thermal Failure
Most specimens failed between 600 and 
900 kPa. The charred PICA samples made 
from arc-jet articles showed similar 
behavior and tensile strength as the 
furnace char. 
(Parul Agrawal,2013)
Spalled5par1cles5in5arcGjet5environment
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Velocity$=$25$m/s$
Angle$=$0$deg
Arc-Jet at NASA  Ames Research Center
DLR$H2K$wind$tunnel$test,$Cologne,$Germany
Radius$=$10$microns$
Velocity$=$100$m/s
Radius$=$50$microns$
Ejection$angle$=$0$deg
Radius$effect Angle$effect Velocity$effect
(1) Davuluri, R. and Martin, A., “Numerical study of spallation phenomenon in an arc-jet environment,” AIAA Paper 2014-xxxx,  Accepted, 2014
Mach555HighGenthalpy5Argon5flow
• One way coupling of CFD and Lagrangian particle code 
• Surface kinetics on particle 
• Inverse-problem approach for parameter identification
Concluding5remarks
• Development$of$models$to$capture$
• mul)5scale$effects$
• coupling$effects$
• Detailed$experiments$aimed$at$
• understanding$near$surface$proper)es$
• calcula)ng$micro5scale$parameters
37
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reacting boundary layer.Values ofDa are small (< 0.01) in the reaction-
limited regime and high (> 100) in the diffusion-limited regime.
The maximum possible size of the boundary layer for δr is used
(this corresponds to half of the tube diameter, δr ! D∕2 ! 11 mm).
Numerical simulations of the flow inside the tube will allow us to
refine this conservative assumption in the future, yet without altering
the present conclusions.
For a multicomponent mixture, it is possible to compute the
average species diffusion coefficients for the species i, according to
Fick’s law, as
Di ! 1 − xiP
j≠i
"xj∕Di;j# (6)
The binary diffusion coefficients Di;j are given by
Di;j ! 316
!
2πkBT"mi $mj#
mimj
"
1∕2 1
n !Q"1;1#i;j
(7)
wheremi andmj are the atomic (or molecular) mass of the diffusing
species i and j andn ! p∕"kBT# is the number density. The diffusion
cross sections !Q"1;1#i;j can be obtained from fitting expressions
provided by Capitelli et al. [31]. At the present experimental
600 800 1000 1200 140010
-3
10-2
10-1
100
101
102
Φ=5
Diffusion-limited regime 
     (surface ablation)
 1.6 kPa
 10 kPa
 60 kPa
Φ
T, K
Reaction-limited regime 
    (volume ablation)
Φ=0.05
Fig. 13 Estimated porousmedium regime for flow-tube test conditions.
Fig. 14 Micrographs of oxidized carbon preform at different flow-tube conditions.
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